͑MPM͒ are limited to less than 300 m in many tissues due to light scattering. Optical clearing significantly reduces light scattering by replacing water in the organ tissue with a fluid having a similar index of refraction to that of proteins. We demonstrate MPM of intact, fixed, cleared mouse organs with penetration depths and fields of view in excess of 2 mm. MPM enables the creation of large 3-D data sets with flexibility in pixel format and ready access to intrinsic fluorescence and second-harmonic generation. We present high-resolution images and 3-D image stacks of the brain, small intestine, large intestine, kidney, lung, and testicle with image sizes as large as 4096 ϫ 4096 pixels.
Introduction
There has been renewed interest in the use of optical clearing 1,2 of fixed tissue by dehydration followed by immersion in a solution of 1:2 benzyl alcohol to benzyl benzoate ͑BABB͒. [3] [4] [5] Recent work includes imaging thick specimens using side-on illumination with a "sheet" of light, sometimes referred to as "ultramicroscopy," 6 and the related technique "selective plane illumination microscopy." 7 These methods have been shown to produce images of extrinsic fluorophores, including green fluorescent proteins and Cy3, as well as intrinsic fluorescence from small samples. However, the size of tissue that can be effectively imaged is limited both by significant residual scattering due to imperfect clearing and by the trade-off between the thickness of the light sheet and limits on the field of view due to diffraction. For example, for a light sheet of thickness ϳ6 to 8 m, the field of view would be limited to ϳ660 m due to diffraction alone. 7 In addition, the pixel dimensions and maximum number of pixels are fixed by the choice of CCD camera.
Multiphoton microscopy ͑MPM͒ 8,9 of cleared tissues offers several advantages:
• MPM is far more tolerant of residual scattering and is therefore not significantly limited in imaging depth.
• Because MPM is a scanning technique, the image size is limited only by the objective lens used, and pixel dimensions and total pixel number can be chosen at will to optimize image quality.
• MPM can access nonlinear signals such as secondharmonic generation that one-photon techniques cannot.
• MPM is well-suited to exciting a wide range of intrinsic fluorescence 10 that would otherwise require more highly scattering UV excitation.
The latter two points are particularly relevant to the development of 3-D histology, in which intrinsic fluorescence and second harmonic signals from large ͑ Ͼ 1 mm͒ portions of unstained biopsy tissue are imaged with high resolution prior to traditional mounting, slicing, and staining in order to form a "virtual" biopsy consisting of a very large 3-D data set that can be manipulated at will by a pathologist. Previously, whole organ images using MPM were produced by combining MPM's optical sectioning capability with the sequential automated slicing 11 or ablation 12 of fixed tissue specimens. On completion, there is no tissue left for further whole organ imaging and histological study. Optical clearing negates the necessity to use manual slicing to achieve whole organ images and leaves the tissue intact for repeated imaging or for traditional histological preparations.
Materials and Methods
Organ samples were obtained from FVB and C57 black 6 mice. Each mouse was anesthetized with an intraperitoneal injection of ketamine/xylazine ͑100 mg/ kg: 10 mg/ kg͒ and then restrained to the surgical bed by adhering each limb so that the mouse was in the supine position, exposing its chest for surgical incision. An incision was made below the xyphoid process, and the heart was exposed by cutting along the base and then through the center of the rib cage. A 23-g needle was then inserted into the left ventricle of the heart and perfused with 4°C Delbecco's phosphate buffered saline ͑PBS; pH 7.0͒ until only PBS was observed exiting a puncture in the right atrium. This was immediately followed with a perfusion of a 4% paraformaldehyde ͑PFA͒ solution ͑10 g PFA/250 mL PBS͒ at 4°C until the mouse's body became noticeably stiff and rigid. The kidney, lungs, brain, testicle, and intestine were then dissected out and placed in individual glass vials, where they were submerged in 4% PFA to allow for sufficient fixa-tion. The vials were then placed on a hot plate at 37°C for 4 h, then sealed, and left overnight at 4°C. After approximately 12 h, each organ was rinsed twice with PBS at room temperature and dehydrated using a graded methanol series ͑50%, 70%, 95%, and twice at 100%͒ with each step lasting 30 min. This was accomplished by draining each vial of solution and immediately replacing it with the next methanol solution in the series.
Organs were cleared using a solution of 1:2 benzyl alcohol to benzyl benzoate ͑BABB͒. BABB was used because it has demonstrated the most complete clearing of tissues. After the dehydration steps were completed, the organs were each placed in a 1:1 solution of methanol:BABB for 4 h. The 1:1 solution was then drained away and replaced by a 100% BABB solution. The organs were allowed to clear overnight at room temperature.
Images were taken using a custom-built multiphoton microscope that incorporated a Mai Tai titanium sapphire laser adjustable between a 710-nm to 990-nm excitation wavelength. The excitation wavelength used to generate autofluorescence was 740 nm. Appropriate choice of microscope objective must be made to simultaneously maximize both the field of view and the resolution of the system, while also compensating for spherical aberrations induced by the sample and clearing solution. We used a 5ϫ magnification macro lens with 0.5 numerical aperture ͑NA͒ that included a correction collar for up to 3 mm of water ͑AZ Plan Fluor, Nikon Corp., Tokyo, Japan͒ to capture the reflected intrinsic fluorescence ͑unless otherwise noted͒. Because the refractive index of the BABB solution is higher than that of water, the correction collar setting was optimized by visual inspection of image quality without reference to the water-calibrated settings of the lens. The emitted fluorescence was collected from the wavelengths of 420 to 500 nm. The second-harmonic generation ͑360 to 380 nm͒ was captured using an F1 lens or an Olympus 40ϫ objective ͑LUCPlanFL N, NA= 0.6͒. Both spectra were collected using photomultiplier tubes ͑PMTs; HC-125-02, Hamamatsu, Bridgewater, New Jersey͒ and processed using a modified version ScanImage software 13 at a resolution of 1024ϫ 1024 or 4096ϫ 4096 pixels at a scan rate of 4 to 8 ms per line.
The optically cleared tissue was first taken out of its glass vial and placed on a lab wipe to absorb the excess clearing solution ͑1:2 BABB͒ from the surface of the tissue. A small dot of cyanoacrylate was then dabbed onto the bottom of a Petri dish and the tissue sample placed on top. The sample was left for 5 min in order for the tissue to securely adhere to the bottom of the dish. Excess 1:2 BABB solution was then poured into the Petri dish until the sample was fully submerged. Images were acquired from the submerged tissue sample.
The intrinsic fluorescence and second-harmonic signals were separated into two channels. The two channels were later merged together to create one image in which the collected intrinsic fluorescence ͑red͒ and the second-harmonic signal ͑green͒ could be seen simultaneously. A z-stack was produced by taking 1024ϫ 1024 pixel images all the way through the organ in 5-10-m steps in excess of 2 mm beneath the tissue surface. Single high-resolution images at 4096ϫ 4096 pixels were created by merging the corresponding intrinsic and second-harmonic image signals together.
A fiber optic spectrometer ͑USB2000, Ocean Optics, Dunedin, Florida͒ was connected to the two-photon microscope and used to analyze the intrinsic fluorescence spectra of optically cleared lungs, intestine, and brain. The epifluorescence generated by the samples was collected using a combination of emission filters by switching between a 460/ 80 and 575/ 150 filter. Each sample was prepared as described earlier, and the fluorescence was generated using an excitation wavelength of 740 nm.
Results and Discussion
Figures 1͑a͒-1͑d͒ show images of the small intestine 300 m below the organ's surface, with intrinsic fluorescence in red and SHG from collagen in green, revealing individual villi Fig. 1͑a͒ enabled successive zooms to reveal increasing levels of detail. A z-stack of the entire 1.7-mm thickness of the intestine with 5-m steps was taken using a 4ϫ, 0.28 NA objective ͑XLFluor4x/340, Olympus America, Inc., Center Valley, Pennsylvania; Video 1͒. In this case, the lower-NA lens was used to maximize field of view and because a smaller image size ͑1024ϫ 1024 pixels͒ was used for smaller file size. After imaging, conventional histological sections with hematoxylin and eosin ͑H&E͒ staining were prepared ͓see Fig. 1͑f͔͒ , demonstrating that the clearing process does not interfere with histological staining. Figures 1͑g͒-1͑i͒ show intrinsic fluorescence images of the large intestine, 1.3 mm below the surface, displaying morphological details similar to the H&E stained section. Note that there is no significant loss of resolution in Figs. 1͑g͒-1͑i͒ compared to Figs. 1͑a͒-1͑d͒ , despite the former being taken 1 mm deeper into tissue. For comparison, Figs. 1͑e͒ and 1͑j͒ show images taken from fixed small intestine that was not cleared at 50 m and 100 m below the organ surface, respectively. We could not obtain images deeper than ϳ100 m in any noncleared organs, and in most cases, we could not obtain useful images at depths greater than 75 m. Images from noncleared organs at any depth showed significantly less detail and generally poorer image quality than those from cleared organs. 14 The cell layer of the hippocampus is visible by the dark nuclei, which lack sources of intrinsic fluorescence. The dense white matter in the center of the brain prevented complete clearing of the tissue, ultimately limiting the depth of imaging.
The broad emission and absorption spectra of intrinsically fluorescent species complicates attempts to identify the molecular source. It is well known that the fixation process increases the brightness of intrinsic fluorescence, likely by decreasing nonradiative rates. In order to test whether new fluorescent species were being created by the fixation process, we measured the fluorescence spectrum from cleared brain tissue. The emission spectrum of the optically cleared brain matched that of live brain slice reported in previous literature 15 ͑data not shown͒. In addition, no visible emission was observed from either the PFA fixative or BABB clearing solutions.
Conclusion
The images presented here demonstrate the advantages of MPM of cleared tissue and point to several powerful applications. We have focused primarily on intrinsic fluorescence both because it is an area where MPM has a distinct advantage and because of its relation to the broad interest in the development of "optical biopsy," in which pathological evaluation of tissue may be performed in situ. While many groups have been pursuing the goal of establishing various forms of optical endomicroscopy as an alternative to conventional histology, [16] [17] [18] in many cases, physicians will still be required to take biopsy samples as standard procedure for the foreseeable future. Development of a tool for high-resolution, 3-D data sets of tissue morphology that is compatible with conventional techniques may both ease the transition to the use of images based on intrinsic fluorescence and create a powerful new tool for visualizing the structure of tissue beyond the limits of traditional 2-D approaches. In addition, other uses of cleared tissue [4] [5] [6] have established its compatibility with extrinsic fluorophores, and thereby indicate the wide range of potential application of MPM of cleared tissue with its inher- 
